I. Introduction
Because of fundamental scientific interest and possible applications of block copolymers, considerable effort has been made to examine phase equilibria for block copolymer melts and those for mixtures containing block copolymers. I -5 A block copolymer consists of sequentially connected chemically different homopolymers. The homopolymers comprising a block copolymer are called the parent homopolymers of a block copolymer. In this work, we consider the phase behavior of a diblock copolymer melt consisting of segments A and B.
The phase behavior of an A-B diblock copolymer melt is expected to follow that of the binary blend containing parent homopolymers because both systems are characterized by the same binary interaction parameter that reflects interactions between dissimilar segments A and B. In the absence of favorable interactions such as hydrogen bonding between segments A and B, the interaction between dissimilar segments is unfavorable relative to the average of A-A and B-B interactions. Consequently, a homogeneous binary mixture of parent homopolymers exhibits uppcr-critical-solutiontemperature (VCST) behavior upon cooling and splits into segmcnt-A rich and segment-B rich macrophases to increase the number of contacts among similar segments. 6 ,7 Disordered diblock copolymer melts also undergo phase separation with decreasing temperature. Because of the connectivity of hOl11opolymers comprising block copolymers, however, phase separation in diblock copolymer melts leads not to ordinary large-scale phase separation but instead, to the formation of a yaricty of spatially ordered microstructures whose dimensions are comparable to the size of copolymers. 1-5 In diblock copolymer melts, the disorder-to-order transition upon cooling is called an upper-
critical-ordering transition (VCOT).
In addition to VCST behavior, miscible polymer blends often exhibit lowercritical-solution-temperature (LCST) behavior upon heating. 6 -8 In the absence of specific interactions such as hydrogen bonding between dissimilar molecules, LCST 2 behavior in binary polymer blends results from the equation-of-state effect, an entropic effect unfavorable to mixing. The equation-of-state effect is caused by the disparity in compressibility between the mixture's components. For polymer blends, Patterson and Robard provide a discussion on the relative importance of the equation-of-state effect and specific interactions that lead to LCST behavior. 9
Although phase separation at elevated temperature is also expected for disordered diblock copolymer melts, the first experimental evidence of microphase separation upon heating was only recently reported by Russell et al.lO for poly{styrene-block-n-butyl methacrylate) 10-12 diblock copolymer melts. This diblock copolymer also exhibits UCOT behavior. For diblock copolymer melts, the disorder-to-order transition with increasing temperature is called a lower-critical-ordering transition (LCOT).
To represent LCOT behavior in diblock copolymer melts, it is necessary to develop theories applicable to compressible diblock copolymer melts. Immediately after Similarly. prior to the experiment by Russell {'( a/. IO . Dudowicz and Freed 19 also cnmbincd the compressible RPA for diblock copolymer mdts with the lattice-cluster theory that improves the Flory-Huggins lattice theory. Dudowicz Our main objective is to represent first, parent pure homopolymer melts; second, mixtures of parent homopolymers: and third, diblock copolymer melts using the same set of pure-component and binary parameters. We also investigate the effect of pressure on the phase hehavior of diblock copolymer melts and that of mixtures containing parent hOl11opolYlllers.
To present quantitative comparison of theory with experiment, we first regress the PHSC equation-of-state parameters for parent hOlllopolymers from pressure-volumetemperature data for homopolymer mc1ts. 24 The PHSC equation of state requires three parameters to represent thermodynamic properties of a homopolymer melt: segment diameter. number of segments per molecule, and the depth of the square-well potential 4 that represents the attractive interaction on a segment basis. Next, using the PHSC equation of state for binary homopolymer blends,24 one binary interaction parameter between copolymer segments is obtained from the coexistence curve for the binary blend containing parent homopolymers at ambient pressure. Finally. we predict the pressuredependence of microphase-separation-transition temperatures of styrene-based diblock copolymer melts.
The present work considers only the stability of homogeneous compressible diblock copolymer melts in the weak segregation limit. Equilibrium structures of microphases are not discussed.
II. Random-Phase Approximation (RPA)
The RPA for diblock copolymer melts originally developed by Leibler 15 provides a systematic procedure to calculate the Helmholtz energy density of ordered diblock copolymer melts. In this approach, the Helmholtz energy density of an ordered system is expanded around that of a disordered system in terms of the Fourier components of order parameters using the scattering functions. The scattering function matrix for real diblock copolymers consists of the scattering function matrix for ideal non interacting Gaussian diblock chains and the interaction matrix that represents interactions among segments. 15
In the RPA for diblock copolymer systems, the Flory-Huggins lattice theory 18 is often used to compute the interaction matrix. In this work. however. we combine the RPA with the PHSC equation of state 20 -25 that is an off-lattice equation-of-state theory.
In the PHSC equation of state, a polymer molecule is represented by a chain of tangent spheres that interact with spheres in another chain through repulsive and attractive interactions. (2) Figure 1 shows a schematic of a diblock copolymer melt in continuous space.
The average packing fraction of segment A is 7JA and that of segment B is 7JB; they are given by (3) \vhere p=N IV is the number density. The average total packing fraction 7J is given by (4) We follow closely the theory for incompressible diblock copolymer solutions developed by Fredrickson and Order parameter "' I describes the composition tluctuation of segment A for a fixed total packing fraction. Order parameter lfI2 represents the deviation of the total packing fraction from its average value.
In this work, we consider only the stability of homogeneous diblock copolymer mdts in the weak segregation limit where the order parameters arc small. In that event, it is sufficient to retain only the second-order term in the expansion of the Helmholtz energy density in the order parameters. l3 , 16 The Helmholtz energy density is given by 13, 16
i.j (2Jr) (8) where A is the Helmholtz energy; kB is the Boltzmann constant; T is the absolute (2) temperature; q is the scattering vector of magnitude q; r ij (q) is the second-order vertex function; and IP,{ q) is the Fourier transform of lfI,{x). The first term in the right-hand side of Eq. (8) is the Helmholtz energy density of a disordered system.
The matrix for the second-order vertex function is a function of M given by Eq.
(6) and the scattering-function matrix defined by 16 (9) where S is the scattering-function matrix for the noninteracting Gaussian diblock chains and W is the interaction matrix defined later. These matrices are 2. x 2 matrices and the indices ij (i. j= I. 
where v is the average segment volume given by
In Eqs. (10) to (12), gl(f, x) is ~hemodified Oebye function given by 15, 16
xwherefis the volume fraction of segment A per chain given by Eq. (7) and (15) where 1/ is the number of the statistical segments of (Kuhn) length I. (16) where matrices M andS are given by Eqs. (6) and (9), respectively. A disordered block copolymer melt becomes unstable against vanishingly small fluctuation in order parameters when the smallest eigenvalue of the matrix r becomes negative 13; the condition for stability of a disordered system is given in terms of the function F(q) defined by 13
The The standard state is the ideal gas at system temperature and unit pressure. 
In terms of parameter b, the reference Helmholtz cncrgy is given by 13 (22) where the first term in the right-hand side of Eq. (22) 
.,
,,-I (I -11) (23) (24) (25) (26) (27) The perturbation term is based on the second-order perturbation theory for the squan:-\vcll tluid of variable well width presented in Reference 24. The square-well potential is defined by I~R)= ( ~e (28) where u(R) is the pair potential; R is the intersegmental center-to-center distance between nonbonded segments; a is the hard-sphere diameter: £ is the depth of the well; and A. is the reduced well width. Although Reference 24 considers only homogeneous molecules consisting of one kind of segment (e.g., homopolymers), we also apply the perturbation terms given in Reference 24 to copolymers consisting of two kinds of segments by replacing parameters for homogeneous molecules by those for copolymers averaged over the copolymer composition.
The perturbation term is given by (29) where A I and A:! are the first-and second-order perturbation terms. respectively, for the I-Idmholtz energy given by24 (30) ( 31) where (32) 15 (33) where K'AB is an adjustable binary parameter. Equation (33) is used only to introduce an adjustable binary parameter. As shown later, the theoretical phase diagrams of polymer blends and those of diblock copolymcr melts are vcry sensitive to K'AB' The geometric mean of GA and GB cannot be used to predict GAB" The interaction parameter between segments A and B must be obtained by correlating thermodynamic properties of systems containing both segments A and B.
In Eqs. (30) and (31) , P is a function of 1] and A resulting from integration of the radial distribution function for hard spheres over the width of the well. In this work, the reduced well width A. is This nonideal Helmholtz energy is used to obtain the interaction matrix for the RP A.
The next step is to express the non ideal Helmholtz energy density in terms of 1]A and 11B' the packing fractions of segments A and B. Using Eqs. (22) . (30) . and (31), the non ideal Helmholtz energy density is given by ( AI) ( A., )
\vhcre the subscript ref+per denotes the non ideal Helmholtz energy density consisting of the reference and perturbation terms for the PHSC theory and Table 2 gives the PHSe equation-of-state parameters with it=: 1.455 for common polymers studied in this \vork. For each homopolymer. these parameters were regressed from the pVT data over the entire liquid range reported in the literature. Experimental pVT data are usually collected to about 2000 bar. Except for poly(a-methylstyrene), the equation-of-state parameters givcn in Table 2 are those that give the optimum correlations of pVT data.
In the present theory, we usc the optimum set of cquation-of-statc parameters With 1(AS obtained in this manner, the function F (q) defined by Eq. (17) is used to predict the stability limit for a disordered diblock copolymcr melt. The stability limit is defined as the extreme temperature when the temperature that satisfies F(q) = 0 is plotted against If. This extreme temperature is the order-to-disorder transition temperature of a Jiblock copolymer melt. Equation (17) expresses F (q) in terms of the second-order \"l~rtex functions defined by Eq. (16) . In this work, the packing fraction of a disordered system is lIscd as the packing fraction in the second-order vertex functions. The packing fraction of a disordered system is calculated through Eq. (19) using Eqs. (22) and (29) Using binary parameter K"AB=-0.000207. we arc ready to predict the order-todisorder transition temperature TOOT for PS-PMS diblock copolymer melts that show UCOT behavior. Although precise measurements of TODT arc not reported for PS-PMS diblock copolymers, there are several PS-PMS diblock copolymers having different molecular weights and copolymer compositions that arc known to be either in the disordered or in the ordered state at a given temperature 34 . depends on the wave number q as defined by Eq. (15) . The maximum temperature on the curve is the order-to-disorder transition temperature; above that temperature, a disordered system is stable. In Figure 2b , the maximum temperature occurs at x=3. Figure 4 show, respectively, the theoretical coexistence curves for the blend PSIPBMA and the locus of temperatures that satisfies F(q)=O for PS-PBMA diblock copolymer melts with K'AB=0.00782. In Figure   4b . the maximum temperature occurs at x=3.8 for both diblock copolymers. The numbers in these figures are the molecular weights of homopolymers and the molecular weights of blocks comprising diblock copolymers in g/mol. Binary parameter K' AB was adjusted such that theory roughly agrees with experiment for both homopolymer blends 9 and diblock copolymer melts 10,12 for the molecular weights shown in Figure 4 . presented a more rigorous analysis of the homopolymer blend of PS and PVME by the compressible lattice-cluster theory.
We now discuss the predicted pressure dependence of TODT by the PHSC equation of state. In the plot of temperature that satisfies F(q)=O. shown in Figures 2b, 3b , and 4b, * the extreme temperature (i.e .. T ODT ) occurs at x that is nearly independent of pressure.
(.\ < is rdated to the wave number q * by Eq. (15).) Therefore. for each system, TOOT is computed as a function of pressure from the condition F (q *):0 using q * at zero pressure.
We assume that binary parameter K'AB is independent of pressure.
For systems containing PS and PMS discussed in Figure 2 . part a of Figure 6 shows the predicted pressure dependence of critical solution temperature (Tc) for a PS/PMS blend and that of TOOT for a PS-PMS diblock copolymer melt. These systems
show UeOT behavior in the diblock copolymer melt and UeST behavior in the binary hlend of parent homopolymers. As the pressure rises, the predicted Tc and TOOT first decrease and then become almost independent of pressure.
For systems containing PS and PBD discussed in Figure 3 , part b of Figure 6 shows the pressure dependence of predicted Tc for a PSIPBD blend and that of TOOT for a PS-PBD diblock copolymer melt. These systems also show UCST and UCOT behavior.
For the PS-PBD diblock copolymer shown in Figure 6b . the predicted TOOT rises with increasing pressure. Recent experiment by Hadjuk et (11. 44 shows that for styreneisoprene diblock copolymers that exhibit UCOT behavior, the measured TOOT also rises with increasing pressure at a rate of about +20 °C/kbar over the range 0 to 0.6 kbar.
Because the structure of isoprene is similar to that of butadiene, for styrene-diene diblock copolymers, there may be a general trend that TOOT associated with UCOT behavior rises with increasing pressure.
For systems containing PS and PBMA shown in Figure 4 , Figure 7a shows the predicted pressure dependence of Tc for a PSIPBMA blend (exhibiting both VCST and LCST behavior) and that of TOOT for a PS-PBMA diblock copolymer melt (exhibiting both VCOT and LCOT behavior). Figure 7b shows the predicted TODT as functions of pressure and copolymer composition for a PS-PBMA diblock copolymer with Mw=99000. In these systems. miscibility is enhanced by raising the pressure. There is a similar dependence on the pressure between the predicted TODT for a PS-PBMA diblock copolymer melt and the predicted Tc for a blend of parent homopolymers PS and PBMA.
For systems containing PS and PBMA, the predicted LCST and TODT associated \vith LCOT behavior are very sensitive to the pressure. Our theory predicts that for a PS/PBMA blend. LCST rises with increasing pressure at a rate about +200 'C/kbar that is 
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